Ca stores and therefrom out to transplasmalemmal Ca entry that is of prime importance for many endothelial functions. Special 21 21 emphasis is placed on mechanisms regulating store-operated Ca entry including a Ca influx factor, the vesicle secretion-like model, the conformational coupling model, the membrane potential, cytochrome P450, protein tyrosine kinase, myosin light chain kinase and nitric oxide.
Introduction
events in this cell type, with an emphasis on recent 21 findings concerning store-operated Ca entry. Endothelial cells (ECs) are unique for their multifunctional nature. They regulate immune responses, control blood coagulation states, serve as an interface adjusting 2. Ligand-receptor interaction and the production of blood-tissue permeability, contribute to angiogenesis and inositol triphosphate (IP ) 3 vessel repair, and modulate vascular tone. These diverse functions confer on ECs indispensable roles in the body's Many hormones, neurotransmitters, and secretagogues 21 normal homeostasis and in many pathological conditions. act by increasing [Ca ] in their target cells. In ECs, i
In the cardiovascular system, ECs play key regulatory agonists such as bradykinin, angiotensin II, serotonin and roles by producing several potent vasoactive agents and acetylcholine, when occupying their specific receptors on regulating coagulation states. Endothelial dysfunction has the cell membrane, couple with and activate a guanosine been implicated in many cardiovascular diseases, which nucleotide-binding protein, which subsequently activates 21 renders modulation of endothelial functions a promising phospholipase C-b1 in a Ca -independent manner. Phostherapeutic approach. Most endothelial functions depend to pholipase C-b1 then hydrolyses the lipid precursor various extents on changes in intracellular calcium conphosphatidylinositol-4,5-biphosphate (PIP ) to yield IP Mitochondrial Ca uptake, 10-100 times kinetically IP has been implicated in intracellular Ca signalling. 4 21 slower than mitochondrial Ca efflux [26] , is believed to Injection of IP together with IP into sea urchin eggs 4 3 21 21 be a uniporter that facilitates the diffusion of Ca down causes a Ca influx [10]; combination of IP and IP in 3 4 21 21 1 the electrochemical gradient across mitochondrial memlacrimal cells increases [Ca ] and Ca -activated K i brane. Previously, mitochondria were simply considered as channels [11] ; and it was hypothesized that IP and IP act   3  4  21  21 high-capacity, low-affinity Ca storage pools that serve in in conjunction to deplete internal Ca stores [12] . In ECs, 21 21 states of Ca overload as a life-rescuing mechanism by IP and increasing [Ca ] sensitivity and IP R excitability [30] . Cross talks between Ca release from intracellular stores [38] . It remains to be 3 21 mitochondrial and ER Ca signals appear to be important determined, however, if such a molecule exists in ECs. 21 21 in controlling the Ca homeostasis of the cell in basal as Factors controlling the rate of Ca discharge from well as in stimulated conditions. intracellular stores contribute to the regulation of cytosolic 21 21 3 21 21 regulated by at least two major cellular signalling pathduced Ca release. Increasing Ca concentrations enways: the second messenger IP activates the channel and hance binding of ryanodine to its receptors in human 3 phosphorylation by non-receptor protein kinases increases umbilical vein ECs [48, 49] . Molecular characteristics of its opening probability. In ECs, the identified form of IP R endothelial RyR channels are not determined. 21 pump such as thapsigargin, dibenzohydroquinone (BHQ), Ca stores, also activate non-selective cation channels or cyclopiazonic acid, the ER is depleted. This mode of [66] [67] [68] other a non-selective cation channel that requires Ca for activation. As well as being a major charge carrier for the These channels have been described in ECs [53] [54] [55] [56] , but 21 light-induced current, Ca entry via the trp-dependent the lack of potent and specific blockers makes it difficult to channels appear to be required for refilling IP -sensitive assess their influence on endothelial functions. Further- 3 21 Ca stores and for feedback regulation (light adaptation) more, most of the channels described were of small 21 of the transduction cascade. The trp-dependent Ca conductance, and are generally considered to be of little 21 21 channels are stimulated by depletion of internal Ca functional importance [57] . Indeed, agonist-induced Ca 21 stores, being activated by the endoplasmic reticulum Caentry, known to regulate many endothelial functions, is ATPase inhibitor thapsigargin [72] . Six mammalian trp largely diminished by depolarization of the plasma memgenes homologous to the Drosophila trp mutant have been brane with high potassium solutions [58, 59] . This strongly identified. In pulmonary ECs, expression of Trp1 gene was argues against a significant contribution of voltage-depen- 21 21 21 reported as a likely candidate for Ca entry, whereas Trp3 dent Ca channels to agonist-induced Ca entry in ECs, and Trp6 are not likely expressed in this cell type [73] . For for depolarization of the plasma membrane would enhance 21 a review see Ref. [74] . a Ca entry that is due to activation of voltage-dependent 21 Ca channels, not inhibit it. followed by a large and sustained one. Under Ca -free Evidence has accumulated that in ECs non-selective 21 conditions, the response is only a small and transient rise cation channels may account for agonist-induced Ca 21 21 in [Ca ] , which should reflect the release of intracellular entry -also called capatitative Ca entry -that will be i 21 21 dealt with in a separate section. Agonists such as thrombin, Ca stores. When extracellular Ca is reintroduced in the 21 bradykinin, serotonin, ATP and endothelin-1 activate nonabsence of the agonist, there is a large rise in [Ca ] . i 21 selective cation channels in ECs [61] [62] [63] [64] [65] . EC swelling also
Since the depletion of intracellular Ca stores is apparentactivates non-selective cation channels with conductance ly the single mechanism at work under such a circum- 21 21 of 13pS for calcium. ER Ca ATPase inhibitors as well as stance, the Ca entry has been hypothesized to be 21 IP applied intracellularly, all of which deplete intracellular activated by the depletion of these stores and this Ca adjusted that Ca entry would first enter the cytosol and required SNAP-25 to be activated, not a diffusible mesthen the the store refilling process would take place [76] .
senger [85] . This finding is in support of the vesicle Non-selective cation channels, as discussed above, are secretion-like signalling model, which states that the believed to be responsible for this entry. Although it might transmission of information from depleted intracellular not be a universal mechanism [77], CCE probably is the stores resembles the secretion of vesicles to the extracellu- 21 main mechanism of agonist-induced Ca entry in vascular lar matrix. This hypothesis receives further support from ECs [78] [79] [80] [81] . Shear stress also activates CCE in ECs by recent findings on smooth muscle cells that coupling 21 several mechanisms. First, flow transfers blood-borne between store depletion and Ca entry is probably the agonists to the cell surface; flow has been shown to work of a modified cytoskeleton [86] . Although these activate phospholipase C and increase IP . Second, the findings do not rule out a possible role of a CIF in other 3 21 permeability of the cell membrane to extracellular Ca cell types, it is clear that further identification is required to increases upon exposure to flow. Shear stress also activates establish the role of such a factor in CCE. heterotrimeric G-proteins and small G proteins, which 21 participate in Ca signalling; for a review see Ref. [81] .
Conformational coupling model Most recently, it was reported that a mechano-sensitive
This model proposes that information transfer from store nonselective cation channel might account for shear-stimudepletion to the plasma membrane is mediated by the IP R 3 21 lated Ca entry in rat aortic endothelial cells [82] . This functioning as the go-between of the two membrane channel has relative permeability ratios of P :P :P 5 systems [14, 87] . Specifically, it was proposed that the IP R the stores to the plasma membrane to activate CCE [83] . A chloride concentrations. Ca influx into ECs in response putative calcium influx factor (CIF) was proposed when an to histamine and ATP was also shown to be sensitive to extract of Jurkat lymphocytes collected following store chloride concentration [88] and there is recent report that 21 depletion under extracellular Ca -free condition was able both bradykinin and thapsigargin provoke chloride influxes 21 to activate Ca entry in macrophages [84] . Several that partly regulate CCE [89] . Although it is not clear molecules were excluded as CIF, including ATP, ADP, whether a 'permissive' membrane potential is required for 21 GTP, IP , IP , cAMP, cGMP, cis-unsaturated fatty acids, Ca entry through non-selective cation channels, these findings suggest that membrane potential could control genistein [100] . The inhibition of the thapsigargin-induced 21 CCE in ECs. Ca entry and tyrosine phosphorylation lends good proof to the role of tyrosine kinase in agonist-induced CCE in ECs, since some other stimuli may use tyrosine kinase-6.2.5. Cytochrome P450 linked receptors to activate phospholipase C early in the Cytochrome P450 (CYP450) has also been suggested to signalling cascade and thus would make it difficult to participate in the regulation of SOC [90] . Unsaturated fatty narrow the inhibitory effects seen with tyrosine kinase acids that antagonize the dealkylation of benzyl-resorufin, 21 inhibitors on the Ca responses down to inhibition of 21 a CYP450-mediated activity, were found to inhibit Ca CCE alone. Cytoskeleton remodeling and cell shape entry in rat thymocytes and human neutrophils. In agree- 21 change following capacitative Ca entry stimulated by 21 ment with these findings, Mn influx in human platelets fluid shear stress is also regulated by tyrosine kinase [101] . promoted by thapsigargin and tBuBHQ, or by preincuba- 21 tion in Ca -free medium, was inhibited by the imidazole antimycotics, econazole and miconazole, which inhibit 6.2.7. Myosin light chain kinase CYP450 activity [91] . It has been hypothesized that when
In porcine aortic ECs, CCE provoked by both IP - 3 21 Ca is released from intracellular stores, calmodulin, dependent and -independent mechanisms was completely 21 normally bound to Ca inside the stores and now free, inhibited by strong inhibitors of myosin light-chain kinase restores an inhibited microsomal CYP450 function, which (MLCK) (Fig. 1) [39] . In human platelets, wortmannin 21 21 21 will open a Ca entry pathway. When Ca subsequently also inhibited significantly thrombin-induced Ca entry 21 enters the cell, intracellular stores are refilled, Ca then and MLC phosphorylation without affecting intracellular binds to calmodulin in the stores, which inhibits CYP450 store release [102] . More recently, in porcine aortic ECs, 21 activity and thus reduces membrane permeability to Ca . MLCK inhibitors were demonstrated to inhibit agonist- 21 In ECs, inhibitor of CYP450 mono-oxygenase inhibited induced Ca entry more strongly than did tyrosine kinase 21 acetylcholine (Ach)-induced changes in [Ca ] as well as inhibitors, whereas the opposite was true for agonist-
ACh-induced hyperpolarization [92] and it was hypothinduced Mn influx [103] . Further implication of MLCK 21 esized that the endothelium-derived hyperpolarizing factor in capacitative Ca entry in ECs came as various specific released from coronary ECs in response to bradykinin MLCK inhibitors were shown to inhibit agonist-induced 21 could be a CYP450 metabolite of arachidonic acid. Ca entry according to their potencies to inhibit the 21 CYP450 was suggested to play an important role in the enzyme; agonist-induced Ca entry was correlated with regulation of endothelial SOC when CYP450 MO was diphosphorylation of myosin light chain by MLCK; and 21 21 shown to be activated by Ca store depletion and shear stress-induced Ca entry was also completely CYP450 MO produced compounds to hyperpolarize ECs prevented by MLCK inhibition (Fig. 2) [104] . These [93] .
findings indicate that MLCK is probably a strong candidate for the control of CCE in vascular ECs regardless of the store depletion mechanism. Further substantiation of its 6.2.6. Protein tyrosine kinase role with methods other than use of kinase inhibitors is Information from the depleted internal stores perhaps awaited. can also be transferred to the plasma membrane through protein-protein interactions. It has been postulated that some protein kinases or phosphatases in the cytosol might 6.2.8. Nitric oxide 21 be capable of changing the phosphorylation state of Ca Nitric oxide (NO) produced by ECs is a potent vasodientry channels. The bulk of evidence for involvement of lator that relaxes smooth muscle cells (SMCs) by increas- 21 protein kinases in the regulation of CCE has come from ing cytosolic cGMP. NO is known to inhibit Ca entry 21 biochemical experiments using kinase inhibitors. Protein through L-type Ca channels in SMCs via cGMP-depenkinase C activation was shown to have an inhibitory effect dent mechanisms or via membrane hyperpolarization due 21 1 on CCE in different cell types [94, 95] . In porcine aortic to cGMP-dependent activation of Ca -dependent K ECs, however, neither strong inhibitors of protein kinase C channels. Interestingly, NO was recently shown to reduce 21 nor PKA inhibitor peptide had any effect on agonistagonist-induced Ca entry in SMCs by sequestering 21 21 induced Ca entry [39] . Many studies have implicated cytoplasmic Ca into intracellular stores via SERCA, the tyrosine phosphorylation in the store depletion-membrane refilling of which takes away the trigger for CCE [105] . entry coupling process [96] [97] [98] . In ECs, the role of Thus, in SMCs, NO exerts dual effects of inhibiting both 21 tyrosine phosphorylation in the regulation of agonist-involtage-dependent and store-operated Ca entry path- 21 21 duced Ca entry has also been well-documented [99] . ways. The effects of NO on Ca signalling in other Thus, bradykinin, histamine and thapsigargin induced non-excitable cells are contradictory. In human platelets, tyrosine phosphorylation of a 42 / 44 kDa mitogen-acti-NO was recently demonstrated to inhibit SOC by promot- 21 21 vated kinase, which was dependent on extracellular Ca ing refilling of Ca stores as in SMCs [106] . If such an concentration and was inhibited by pretreatment with action of NO also applied to ECs, there would be a logical production. Tyrosine kinase has been shown to regulate endothelial NO production through regulation of eNOS. Most recently, MLCK was shown to strongly control negative feedback mechanism since NO itself is produced production of both NO and EDHF in porcine aortic ECs from ECs under conditions that trigger SOC. Paradoxically [109] . Further investigation is certainly required to clarify enough, in porcine aortic ECs, exogenous NO was most the role of NO in signalling in ECs. 
